Isocitrate Dehydrogenase, Isocitrate, Cadmium, Complexes, Ionic Strength The complexation of cadmium by isocitrate has been studied at 25 °C and pH 7.5 in a range of ionic strength from 0.01 to 0 j16. The formation constant of the complex between cadmium and tribasic isocitrate varies from 860 M -1 at ^= 0 .1 6 to approximately 24,500 M -1 at infinite dilu tion. These data allow the distribution of the chemical forms of cadmium added to the incubation mixtures for the assay of NAD-dependent isocitrate dehydrogenase to be calculated.
A metal requirement has long been established for the reactions catalyzed by isocitrate dehydro genases *. It has been shown that NAD-dependent isocitrate dehydrogenase (j/ireo-Ds-isocitrate : NADoxidoreductase, E.C. 1.1.1.41) requires Mg2+, Mn2+, or Co2+ for activity2. The examination of several divalent metal ions as activators of the reactions catalyzed by native NADP-dependent isocitrate de hydrogenase (f/ireo-Ds-isocitrate : NADP-oxidoreductase, E.C. 1.1.1.42) indicates that Mn2+, Cd2+, Zn2+, Mg2+, and Co2+ permit significant rates for the over-all oxidative decarboxylation of isocitrate3.
More detailed studies of the NAD-and NADPdependent enzymes, conducted respectively with magnesium an manganous ions led to the conclusion that the actual substrates are the tribasic isocitratemetal complexes 4> 5. It is therefore of interest to understand the func tion of other divalent metals in the activation pro cess. These studies require the knowledge of the concentrations of the various ionic species present in the incubation mixtures for the kinetic assay of enzyme activity. From the values of the ionization constants for isocitrate and pyridine nucleotide, NAD or NADP, and the formation constants of the complexes between the metal and the different ionic species of isocitrate and pyridine nucleotide, the concentrations of free and complexed forms of metal, isocitrate and pyridine nucleotide can be calculated for every given set of total concentrations of the components 4' 5.
Since the association compounds between cad mium and either isocitrate, NAD or NADP are not described in literature, an investigation was under taken to provide this information for use in succes sive studies directed to understand the mechanism involved in the activation of isocitrate dehydro genase by cadmium ions.
E xperim ental
Complexes involving isocitric acid and alkaline earths6-8 or m anganous7 ions are rather weak, with apparent formation constants ranging in the order 102 -103. Therefore, two techniques which can be applied to the study of weak complexes, such as the ion-exchange resin method 9 and the cadmium specific-ion electrode method10, were selected for this investigation.
Method with ion-exchange resin. All solutions were freshly prepared with bidistilled water and ad justed to the required ionic strength with reagent grade sodium nitrate. DL-isocitric acid, trisodium salt, was purchased from Serva GmbH. N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (Hepes), a BDH biochemical reagent, was employed for the preparation of the buffer solution. This zwitterionic heterocyclic compound having an excel lent buffer capacity at pH 7.5 exerts reduced ion effect and negligible complexing action on divalent metal ions n . The buffer solution was prepared by titration of Hepes to pH 7.50 with NaOH. Radio active cadmium was obtained from the Amersham Radiochemical Centre as carrier-free 109CdCl2 (spe-cific activity: >50m C i/m g Cd) in 0.1m HC1. The sodium form of the synthetic cation exchanger AG 50W-8X was purchased from Bio-Rad Laboratories. 109Cd radioactivity was measured with a Packard Auto-gamma scintillation spectrometer. The proce dure was as follows. Hepes-NaOH buffer (10 ml) adjusted to the required concentration in Na+ was added to each series of ten flasks containing a weighed amount of the resin. The buffer contained tracer levels of 109Cd. A predetermined volume of isocitrate solution was added to each flask. Four dif ferent concentrations of isocitrate were employed, the concentration range chosen depended on the ionic strength. The volume in each flask was brought to 100 ml with a solution of N aN 03 having the required ionic strength. Two of the ten flasks con tained zero concentration of isocitrate, and an ad ditional two flasks containing only the buffer plus sodium nitrate were run as blanks. After shaking the flasks in a thermostated water bath for six hours, an aliquot of the supernatant from each was re moved for the assay of 109Cd radioactivity. A typi cal system for ju = 0.16 and the experimental data are shown in Table I .
Method with cadmium specific-ion electrode. In addition to Hepes-NaOH buffer, sodium nitrate and isocitrate, this method requires a standard solution of cadmium. This solution was prepared with reagent grade Cd (N 03) 2 4 H20 . Measurements of cadmium ion concentration were made in a waterjacketed cell containing 50 ml of the background electrolyte (Hepes-NaOH buffer 0.02 M, pH 7.5, ad justed to the required ionic strength with N aN03). The cell contained a cadmium specific-ion electrode (Orion 94-48A), a single junction Ag/AgCl re ference electrode (Orion 90-01), and a glass elec trode with internal reference connected to a Radio meter PHM-26 pH-meter with scale expander. The potential between the specific-ion and the reference electrode was measured using a digital pH/mV meter Radiometer PHM-64. The temperature was main tained at 25 ± 0.2 °C. Magnetic stirring at approxi mately 200 rpm. A period of 10 min was allowed for the electrode system to reach equilibrium. After wards, readings were taken every 30 sec for 10 min. The standard error on the average of these 20 readings was within 0.1 mV. The electrode was standardized in the range of cadmium concentration between 10-5 and 10-4 M by the addition of known quantities of cadmium nitrate to the background electrolyte. When the solution was 10_4m in cad mium, the potential between the specific-ion and the reference electrode was measured in the presence of known concentrations of isocitrate. Since the cali bration had been carried out in a non-complexing solution with the same total cadmium concentration and the same ionic strength, these measurements al lowed the calculation of free cadmium concentra tion in equilibrium with cadmium-isocitrate and free isocitrate. The system employed for ^ = 0.16 and the experimental data are given in Table II .
Results
Apparent dissociation constants of isocitric acid at 25 °C and ^ = 0.1, expressed as pKa, are 3.02, 4.28, and 5.75 7. At pH 7.50, the predominant ionic Table I species, representing more than 98% of total iso citrate concentration, is the anion isocitrate3-. There fore, it may be assumed that in our experimental conditions only tribasic isocitrate ions are present in solution.
The formation constant for the complex ion (Cdisocitrate")2-3n, in terms of the equilibrium ion-ex change formulation 9. is given by the expression:
where K^° and K& are the distribution coefficients obtained in the absence and presence, respectively, of the isocitrate. The distribution coefficient for the cadmium ion is defined as:
where R represents the percent ratio. 
This procedure confirmed the experimentally deter mined values of K&° (Fig. 1) . In the whole range of isocitrate concentration employed in this investi gation it was found that n = l. Therefore, the ionexchange resin method can be used to study the formation of a 1 : 1 complex between cadmium and isocitrate, according to the reaction:
The distribution coefficient of cadmium ion in the absence of isocitrate was strongly affected by variations in ionic strength. However, if the Kd° coefficient was multiplied by the square of sodium ion activity, a constant value was obtained indepen dently of the ionic strength of the solution, as ex pected on the basis of the ion-exchange reaction 13. The data relating to the formation constant of cadmium-isocitrate in the range of ionic strength between 0.16 and 0.01 are presented in Table III and will be examined together with the results ob tained with the cadmium specific-ion electrode. Theoretically, the potential between the cadmium specific-ion electrode and the reference electrode fol lows the relation:
where Ea is the potential due to reference electrode and internal solutions, 2.3026 RT/2 F is the Nernst factor, and acd2 + is the cadmium ion activity in the solution. Taking into account the activity coefficient .«-0.4
so that cadmium ion concentration in the presence of isocitrate could be calculated from the measured potentials:
[Cd2+ ] = 1 0 -(*+^/29-422) . Since:
(2 )
the formation constant:
could be easily calculated.
Measurements of free cadmium ion concentration in the presence of increasing concentrations of iso citrate were carried out in the interval of ionic strength between 0.16 and 0.01. Some of these re sults are presented in Fig. 3 . Since the highest iso citrate concentration used in each experiment modi fied the total ionic strength by less than 1 0 % and the response of the electrode is practically un affected by such a change, the potential measured could be considered as proportional to the logarithm of free cadmium concentration. The distribution of ionic species present in solution was calculated according to Eq. (2 ).
Plots of the logarithm of the ratio [Cd-isocitrate-]/[Cd2+] against the logarithm of free isocitrate concentration [isocitrate3-] were straight lines (Fig. 4) , as predicted by the Eq. (3) which can be written as follows: Table III contains the data relating to the effect of ionic strength on the formation constant of cadmium-isocitrate. It can be seen that the method with the cadmium ion-specific electrode provided results slightly higher than those obtained by the ion-exchange resin method.
The agreement between the average value of the formation constant at infinite dilution calculated from individual ion activity coefficients14-16 and that extrapolated from a plot of log£f against YJi (Fig. 5) is very satisfactory. The slope of the extra polated region of the curve is -5.2 and the standard free energy change of the complexation reaction, calculated as AF° = -RT In Kf°, is ap proximately -6000 cal.
Discussion
As shown in Table IV , the formation constant of the complex cadmium-isocitrate is higher than those reported for the complexes of isocitrate with alkaline earths metals, but does not differ significantly from that of the complex manganese-isocitrate.
The knowledge of the formation constant (K) of the complex cadmium-isocitrate allows the concen tration of free cadmium ion (Cdf) in solutions con taining cadmium and isocitrate to be calculated from total cadmium (Cd) and total isocitrate (I) concen trations. Cd-I-A:-1±l/(I-Cd + ^-1)2 + 4C d^-1
The concentration of cadmium-isocitrate and that of free isocitrate can be calculated from the conserva tion Eq. (2 ).
The results presented in Fig. 6 show how the distribution of the chemical forms of cadmium in a solution containing 0.25 m M cadmium nitrate and 0.50 m M isocitrate is influenced by changes of total ionic strength. It becomes clear that a comparison between different metal ions as activators of iso citrate dehydrogenases can be made only when the kinetic assays have been carried out in solutions of comparable ionic strength. However, the knowledge of the formation constants in a large interval of H - ionic strength allows the concentrations of free and isocitrate-bound metal to be calculated 17 in any ex perimental condition. This information can be utilized to evaluate enzyme kinetic parameters as a function of ionic strength. The data presented in this paper can be applied to the reaction mixtures for the kinetic assay of NAD-dependent isocitrate dehydrogenase, since the binding of divalent ions to NAD is relatively weak 18>19 and the concentration of NAD is general ly so low that it will not influence the distribution of the chemical forms of cadmium. Modifiers of the enzymatic reaction, such as nucleoside di-an,d tri phosphates, should be absent since they exert complexing action on divalent metal ions 19> 20.
In the case of the NADP-dependent enzyme, the distribution of the various chemical forms of cad mium is complicated by the fact that the secondary phosphate of NADP has a considerable affinity for divalent metal ions19. Preliminary results showed that when the 2 -phosphate is doubly ionized the value of the formation constant of the complex cadmium-NADP is approximately equal to that of the complex cadmium-isocitrate. Since the concentra tions of NADP in the reaction mixtures for the as say of isocitrate dehydrogenase are generally of the same order of magnitude of those of isocitrate, a competition between the two ligands for cadmium will occur. This competition must be considered in order to evaluate properly the effects of NADP and divalent metal ions on the reaction kinetics.
At present, studies are in progress to determine the influence of ionic strength on the formation constant of the complex cadmium-NADP. These data will be utilized for the calculation 21 of the distribu tion of the various chemical forms of cadmium, another divalent metal, isocitrate, and NADP, pre sent in the incubation mixtures for the assay of NADP-dependent isocitrate dehydrogenase.
